This paper describes a liquid metal-based multifunctional antenna capable of wideband frequency tuning, dual band operation, and polarization reconfiguration. The radiating elements consist of parasitically-excited plugs of room-temperature liquid metal in 3D printed channels. Syringe pumps flow the gallium-alloy plugs in proximity to a capacitive feeding structure. This non-contact feeding scheme separates the metal flow path from the SMA connector and lends mechanical robustness at the feed while allowing impedance matching over a wide range of frequencies. Sliding the plug along a right-angle bend enables linear polarization reconfiguration, while simultaneously placing plugs in both orthogonal channels can generate circular or 45 • linear polarization. Dual band operation is also supported by infusing plugs of two dissimilar lengths into the two channels. Simulation and measurement results demonstrate that this antenna can tune its impedance over a decade (10:1 frequency range) maintaining a 2:1 VSWR and achieve a polarization diversity > 12 dB. The pumped plugs can circulate at a peak velocity of 50 mm/s, currently limited only by our pumping equipment. Repeatability analysis is also performed by cycling the plug actuation more than 1100 times. More complex designs can exploit this design concept to develop new types of highly versatile, multi-functional antennas.
I. INTRODUCTION
As modern-day antenna systems are growing in complexity, reconfigurability of antenna characteristics such as frequency, pattern or polarization is becoming an important capability. Using electrical switching, mechanical motion or material change based approaches [1] , [2] , researchers have developed numerous reconfigurable antennas over the past few decades. Furthermore, studies have shown devices in which two [3] - [5] or more [6] antenna properties are reconfigured simultaneously in a single device, making it adaptable for a variety of applications.
Recent approaches for reconfigurable antennas include the use of metal alloys that exist in a liquid state at room temperature and can be reshaped to alter the electromagnetic response of the device. Such fluidically reconfigured antennas have the potential to support a greater number of reconfiguration states The associate editor coordinating the review of this manuscript and approving it for publication was Davide Comite. than their solid-phase counterparts due to their ability to physically reshape the antenna geometry when changing states. Liquid metal-based reconfiguration techniques have already been demonstrated to exhibit wideband frequency tunability [7] , [8] , polarization reconfiguration [9] , pattern reconfigurability [10] , [11] , and lower intermodulation distortion than semiconductor-based reconfiguration approaches [12] .
However, a number of difficulties arise when developing complex reconfigurable liquid metal (LM) electronics. Foremost among these challenges is enabling flow within microchannels. Gallium alloys, which are often chosen for LM electronics due to their non-toxicity, high conductivity, and low melting point, form a thin oxide layer on their surface even at low oxygen concentration [13] . This oxide skin adheres to the surfaces of most dielectric substrates [14] , leaving residues as minute droplets or thin conductive coatings on the channel walls [15] . Consequently, it becomes difficult to circulate the liquid metal inside hollow channels reversibly and repeatably, hampering reliable antenna reconfiguration. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
In the literature, many LM-based devices employ concentrated electrolytes to dissolve the skin, and in some cases, to actuate the motion of liquid metal inside the channels [7] , [16] . However for antenna implementations, the presence of electrolytes in the channels degrades the antenna radiation efficiency due to their high conductivity [7] . Hence, after cleaning the channels, the electrolytes are sometimes removed before measuring antenna performance [9] , [17] , which is impractical for most practical scenarios. Moreover, concentrated electrolytes often require special handling, tend to corrode solid metals and hence should be avoided.
In this work, we describe a novel multifunctional LMbased planar antenna that combines 10:1 frequency tuning range and reconfigurable polarization. Practical and repeatable actuation of liquid metal plugs is demonstrated using non-electrolytic fluids. Section II of this paper describes a parasitically driven liquid metal antenna (PLMA) radiating like a microstrip antenna while supporting a wide range of frequency and polarization states. Section III describes fabrication of the multi-channel antenna structure and the methods used to improve liquid metal flow within it. In Section IV, detailed measurement data and analysis confirm that the antenna performs in agreement with simulation and produces among the highest reported tuning range and polarization diversity for compound reconfigurable antennas. Finally in Section V, we study changes in the antenna's response during more than 1000 reconfiguration cycles in order to understand its repeatability, and characterize the plug actuation speeds and limitations of the proposed approach.
II. PARASITICALLY-DRIVEN LIQUID METAL ANTENNA (PLMA) CONCEPT
There are a variety of choices for the antenna geometry upon which to base a reconfigurable LM antenna. Several authors have proposed flowing liquid metal inside capillaries to form reconfigurable monopole or dipole antennas [8] , [9] , [18] , [19] . However, in comparison to microstrip-like geometries, such antennas are more difficult to incorporate onto compact devices that require the antenna to be placed near a ground plane. Integration-friendly rectangular patch antennas using LM have been reported, but it is difficult to control the flow of the metal inside a wide planar cavity, resulting in a non-reconfigurable design [20] or restricting reconfiguration to binary states with fully infused or empty cavities [21] . Planar slot antennas using LM channels to shunt the slots at certain positions have also be studied by a number of authors [22] - [25] , but this approach still produces a limited range of states since the liquid metal here functions much like a lumped element switch.
To address the need for multi-functional planar designs that take advantage of the ease of flowing liquid metal inside narrow channels, we propose the narrow fluidic microstrip antenna as shown in Figure 1 . The liquid metal acts like a thin microstrip type antenna excited by a capacitively coupled feed, in which the length of the antenna can be regulated to operate it at different frequencies while its width is equivalent to the diameter of the fluidic channel.
With such a narrow width, the microstrip antenna has a high impedance when directly fed at the transverse edge. However, the antenna can be readily matched to a 50 source using the proximity coupled feed. Additionally, the parasitic feed prevents direct contact between the pumped liquid metal and the feeding SubMiniature version A (SMA) connector and allows them to exist on separate layers. This minimizes the risk of liquid metal leakage, electrical disconnection, corrosion of the copper, and lends mechanical robustness to liquid metal-rigid SMA interface. Moreover, pump-based actuation eliminates the need for complex DC-RF decoupling circuitry at the feed as required for certain electro-chemical actuation processes [7] .
As shown in Figure 1 , the proposed antenna geometry consists of a 4.5 mm thick 3D printed part stacked on top of a 3.15 mm RT5880 laminate. A 6 mm x 6 mm square feeding plate is etched on top of the laminate, which connects to the center conductor of the coaxial feed. This excites surface currents along the x, y edges and the diagonal (Figure 2d) on this feeding plate, capable of exciting plugs of either polarization. The back side of this substrate acts a ground plane for the antenna and is soldered to the SMA outer conductor. The L-shaped 3D printed part holding two hollow channels (2 mm diameter) is then attached on top of the laminate at the appropriate location. These channels can be independently filled with EGaIn plugs to form antennas operating at two different frequencies according to the plug length. When positioned on top of the feeding plate as shown in Figure 1 , these plugs electromagnetically couple with the feeding plate and operate as microstrip antennas, resonating when their length is approximately half a wavelength inside the 3D printed part (λ g /2). As is shown in Section IV, the feed plate alone contributes little radiation and matching the feed to the liquid metal plug is essential.
By choosing an appropriate gap (h) between the resonant plug and the feeding plate and tuning the dimensions of the square feeding plate (s x s mm 2 ), the input impedance of the antenna structure can be well matched as shown in Figure 2a and b. The real part of the input impedance can be controlled primarily using the feed gap height (h). In addition, the feed gap height will limit the upper and lower tuning range of the antenna because it sets the antenna's electrical thickness. On the other hand, increasing the feed plate size adds series inductance and will eventually limit the upper operating frequency when the feed becomes comparable in size to the resonant plug length.
The design shown in Figure 1 incorporates two distinct channels for frequency reconfiguration. When a 12 mm long EGaIn plug is infused into channel 1, and positioned as shown in Figure 1c , the antenna operates at 6 GHz. Similarly, infusing channel 2 with an 18 mm plug yields a 4 GHz operation. Channel 2 is located obliquely above channel 1. This configuration enables more effective coupling between the feed FIGURE 2. a) The simulated S 11 of the antenna structure for varied height (h) of the EGaIn plug (18 mm long, operating at 4 GHz) above the feeding plate, b) the simulated S 11 plot of the antenna structure for different feeding plate dimensions for h = 1.5 mm, c) the wide range of operating frequencies achieved by infusing 8-140 mm long EGaIn plugs in channel 1 and d) the simulated surface currents on the feeding plate in absence of a liquid metal plug, illustrating the currents excited on the plate along the x, y edges and the diagonal.
plate and each channel, in contrast with a side-by-side or vertically stacked configuration, which reduces the matching capabilities in one channel. This multi-channel design can be used to achieve frequency reconfiguration, a multi-band response, and both linear and circular polarization as shown in Section IV. Moreover, frequency reconfiguration can also be achieved by infusing EGaIn plugs of varying lengths into either of these channels. For instance, when channel 1 is infused with plugs of lengths 8 -140 mm, the antenna can be tuned to achieve an operating frequency in the range of 0.7-7 GHz in Figure 2c . Thus the broadband nature of the capacitive coupling between the feeding plate and the plugs allows for a 10:1 frequency range over which this antenna impedance can be tuned using a single channel, assuming a range of plug lengths are available. For all operating frequencies, the planar antenna radiates like a narrow microstrip patch antenna and the peak gain is normal to the ground plane (along the z axis).
Polarization reconfiguration for this antenna can be achieved by sliding the plug of EGaIn over an L-shaped bend that allows it to couple with the symmetrical feed in an orthogonal orientation as shown in Figure 1 . Moving the plug along these orthogonal sections enables us to shift between linear x and y polarizations as will be demonstrated in Section IV. To facilitate the transport of EGaIn plugs to specific positions, a non-conductive pushing fluid is essential and we will explore available options in Section III.
III. ANTENNA FABRICATION A. 3D PRINTING OF THE CHANNELS
3D printing technology can readily build substrates with complex, multilayered channels for enclosing liquid metals [26] , [27] . Unlike lamination-based approaches, these uni-body parts are not prone to leakage of fluids at the lamination interface [21] . However, resins suitable for printing fluidic channels have varying loss characteristics at microwave frequencies. Microfluidic channel fabrication is possible using PolyJet printing based resins like VisiJet M3 Crystal ( r = 3, tanδ = 0.047) [28] , [29] , but they exhibit high dielectric dissipation, reducing the radiation efficiency. Thermoplastics printed using Fused Deposition Modeling (FDM) such as ABSplus ( r = 2.5, tanδ = 0.0038) have low loss tangents but microchannel fabrication using FDM has been a known challenge [27] . Stereolithography (SLA) is capable of realizing narrow internal channels with diameters as small as 290 µm [30] , with better loss characteristics than PolyJet-based photopolymers. We characterized the electrical permittivity of Formlabs Clear SLA resin ( r = 2.8, tanδ = 0.021 at 4 GHz) and observed that it provided a good compromise between achievable microchannel dimensions and dielectric dissipation.
Thus, to build 3D fine-featured microchannels and reduce dielectric losses, we use a mix of conventionally engineered RF substrates and 3D printed parts. Low-loss laminate -Rogers Duroid RT5880 ( r = 2.2, tanδ = 0.0009) and 3D printed Formlabs clear resin (RS-F2-GPCL-04) are stacked vertically as shown in Fig 1. The clear resin was printed using SLA-based 3D printer Formlabs Form 2 with a layer thickness of 25 µm. A 405 nm ultraviolet beam selectively cures the resin for each layer and leaves uncured resin inside hollow regions. Clear resin (RS-F2-GPCL-04) allowed visual inspection of the position of EGaIn column inside the channel. The 3D printed part shown in Figure 3 has residual uncured resin on the surface and inside the formed hollow channels. The part was then immersed in an IPA bath for 30 minutes to eliminate residual resin from the outer surface of the printed part. However, this process fails to eliminate the uncured resin from the hollow internal cavities. If allowed to cure, this resin clogs the channels. To prevent this, compressed air was forced through the inlet of the channel after the IPA bath. With the help of syringe pumps, clean IPA was then circulated back-and-forth these channels to eliminate any trace residues. The part was then dried.
B. CHOICE OF LIQUID METAL AND PUSHING FLUIDS
The liquid metal used for this study is the eutectic alloy of gallium and indium -EGaIn (75.5 % Ga and 24.5 % In). With a low melting point of 15.5 • C, this alloy exists in a liquid state at room temperature and has an electrical conductivity of 3.4x10 6 S/m, which is approximately 1/17 th of that of copper [31] . Plugs of this liquid metal are introduced and steered to form the metallized portion of the reconfigurable antenna geometry.
The pushing fluid both transfers pressure through the channel and may also assist the flow of the sticky oxide skin. Electrolytes have been used in prior work, but their high RF conductivity (5-15 S/m) reduces device efficiency [7] , [18] ). High viscosity oils have been used to move EGaIn plugs inside channels in the absence of electrolytes [32] , and were observed to successfully move EGaIn plugs repeatably if their viscosity was sufficiently high. Furthermore, oils tend to form a lubrication layer on the channel walls, reducing friction and skin adhesion.
Two oils were studied as pushing fluids in this work: silicone oil DMS-T41 (polydimethylsiloxane, trimethylsiloxy terminated, 10,000 cSt, Gelest Inc.) and a blend of oleic acid (Alpha Aersar, A16663) and poly(ethylene vinyl acetate) (EVA, Sigma Aldrich, 340502). The silicone oil was chosen because of its excellent dielectric, thermal and lubricating properties. Oleic acid was chosen because of the ability of gallium surfaces (and alloyed surfaces) to adsorb the primary substituted hydrocarbons, forming an overlayer on the gallium oxide surface [33] , [34] as illustrated in Figure 4 . Silicone oils such as DMS-T41 are available in a variety of molecular weights and viscosities, but the oleic acid has low viscosity. Hence its viscosity was increased by blending 12g of EVA with 100 ml of oleic acid using a magnetic stirrer and maintaining the solution temperature at 100 • C overnight. The resultant 12% EVA blend had a higher viscosity than oleic acid (measured viscosity of 4266 cSt compared to 43.92 cSt initially). In comparison, water has viscosity of 1 cSt, while EGaIn has been reported to have a kinematic viscosity of 0.32 cSt [35] .
The electrical permittivity of DMS-T41 ( r = 2.6, tanδ = 0.008) and oleic acid ( r = 2.3, tanδ = 0.014) were also measured using a resonant cavity method in the 3-6 GHz range. It can easily be observed that the effective RF conductivity ( σ RF = 2πf 0 r tanδ ) of these fluids at 4 GHz is less than 0.008 S/m ( 0 is the vacuum permittivity) and is orders of magnitude lower than the conductivity of an electrolyte. Furthermore, the electrical permittivity of these fluids is similar to that of the 3D printed substrate, ensuring minimal impact on the design.
C. ASSEMBLY AND FLUID ACTUATION
A 6 mm × 6 mm square feeding plate was etched onto RT5880 laminate. An SMA connector was soldered onto the ground plane with its center conductor penetrating the Duroid substrate and connecting to the feeding plate as shown in Figure 3 . The 3D printed part was glued on top of the laminate, and silicone tubing (inner diameter 2 mm) was attached via printed connectors to the channels.
Programmable syringe pumps (NE 1600, New Era Pump Systems Inc.) connected to the silicone tubing control the infusion and withdrawal of the fluids. The 2 mm diameter channel is initially filled entirely with the viscous pushing fluid. This helps in developing a slip layer to prevent adhesion of EGaIn to the channel walls. A column of EGaIn is then introduced using a Y-shaped assembly from the EGaIn inlet as shown in the Figure 4 . Once the column reaches the necessary length, the other inlet forces pushing fluid into the channel. Syringe pumps on both sides of the channel assist with precise positioning by regulating the infusion/withdrawal of the pushing fluid. This arrangement requires creating and positioning a new LM plug whenever an alteration in length is desired, which is a shortcoming of this approach. Several channels with varying plug lengths can be used, as demonstrated in this work using two adjacent channels, but other methods to allow for rapid changes in plug length are the subject of current investigation.
IV. ANTENNA MEASUREMENTS
The multi-functional structure proposed in Figure 1 is capable of several operating modes. In this section, we report the measured and simulated characteristics of the antenna when performing each of these functions. The measurement conditions are as described in Section III with syringe pumps used to position the LM load in the channel.
A. FREQUENCY RECONFIGURATION
In the absence of EGaIn plugs, the 3D channels are entirely filled with pushing fluid. In this OFF state, the antenna reflects most of the incident power as the feed does not radiate well at this frequency (Figure 5e ). When the channels are infused with EGaIn plugs, the structure resonates, leading to a matched response to a 50 source impedance. When channels 1 and 2 are sequentially infused with plugs of lengths 12 mm and 18 mm, the antenna produces a matched response at 6 GHz and 4 GHz, respectively. The agreement between the simulated and measured reflection coefficient as shown in Figure 5 indicates that we can pump plugs of precise lengths and position them properly over the ground plane. For this design, frequency reconfiguration can also be achieved by pumping plugs of different lengths into a single channel. In this way, reconfiguration can be achieved over a wide range of frequencies. As an example, channel 2 was infused with plugs of different lengths (8 mm, 12 mm, 18 mm, 30 mm and 45 mm) to match the antenna at different frequencies ranging from 7 GHz to 2 GHz in discrete steps. The antenna produced a well-matched response, aligning with simulations as shown in Figure 5f . Since the prototype was 80 mm x 80 mm in dimensions, longer plugs of lengths 90 mm and 140 mm were simulated to show that the antenna achieves a 2:1 VSWR bandwidth that is tunable over a decade in frequency. However, as shown in Table 1 , the total efficiency begins to decrease rapidly for frequencies below 2 GHz as the dielectric substrate (Duroid and the 3D part) becomes electrically thin (< λ g /20). The efficiency of the antenna could be improved by using a lower loss printed material, such as ABSplus, but ultimately the lower band edge will be limited by substrate electrical thickness. Figure 6 shows the radiation patterns of the antenna at 4 and 6 GHz in the x-polarized and y-polarized modes shown in Figure 1 . In the 4 GHz x-polarized mode, the antenna produces a co-polar realized gain of 6.2 dBi in comparison to a simulated value of 6.4 dBi. In the y-polarized mode, the measured co-polar realized gain was 6.4 dBi, exactly aligning with simulations. The measured cross-polarized gain was -9.7 dBi for the x-polarized and -12 dBi for the y-polarized mode. This indicates that in switching between two linearly polarized modes by moving the same EGaIn plug through the L-shaped curve, a polarization diversity of 16-18 dB can be achieved at 4 GHz. Because the measured and simulated gains were similar, the simulated total efficiency of 86% at 4 GHz is expected to be a good approximation to the actual antenna efficiency.
B. LINEAR POLARIZATION RECONFIGURATION
Similarly, at 6 GHz, the measured co-polar gain was 6.1 dBi and 6.2 dBi in x and y-polarized mode compared to a simulated value of 6.2 dBi. The polarization diversity degraded by approximately 1 dB to 14.8 dB. At higher frequencies, the polarization diversity reduces (as shown in Table 1 ) on account of increased magnitude of cross polarized components on the feeding plate, as its electrical size increases. The simulated radiation efficiency at 6 GHz was 94%. Table 1 illustrates the polarization diversity achieved by switching channel 1 between the x and y polarized modes. A polarization diversity of >12 dB can be achieved at any frequency over a decade. This wide frequency range for a compounded reconfigurability is a significant advance over existing non-fluidic antennas utilizing switches [6] , [36] , [37] FIGURE 6. Linear polarization reconfiguration. The measured and simulated radiation pattern at 4 GHz and 6 GHz for x and y polarized operating modes. The difference between these states (polarization diversity) is higher than 14 dB in both cases. and also over existing liquid metal based compound reconfigurable antennas [19] as compared in Table 2 .
C. DUAL BAND OPERATION
Filling both the channels with EGaIn plugs of dissimilar lengths enables dual-band operation. Figure 7b illustrates dual band operation by placing two plugs of length 26 mm and 16 mm into channels 1 and 2 in the x-polarized position respectively. We observe two well-matched operating frequencies in the reflection coefficient plot corresponding to the plug lengths (Figure 7a ). The realized gain plots in Figure 7c confirm that both modes are x-polarized with >10 dB polarization purity. It is also evident that despite the close placement of the two radiating plugs, the pattern is not tilted, and the peak gain is in the broadside direction. Likewise, placing the two plugs in the y-orientation simultaneously will produce a y-polarized dual-band response. However, if the two resonances are within the 6 dB bandwidth of each other, a single-band mismatched response is observed. A higher order mode for the 26 mm plug is observed at 6.4 GHz, but the radiation pattern for this mode does not have a peak in the broadside direction.
D. 45 • POLARIZATION
When a single plug of twice the length given in Table 1 is moved halfway around the L shaped bend, with both arms symmetric about the feeding plate, the orthogonal x and y polarizations are excited in phase, resulting in a linear polarization at 45 • to the principal axes. For example, a 35 mm long plug filling channel 1 as shown in Figure 8b produces a resonance at 4.5 GHz with measured realized gain of 7.7 dBi as shown in Figure 8c . This total gain is 1.5 dB higher than the x or y polarized cases shown above.
E. CIRCULAR POLARIZATION
Combining two linear x and y polarizations also generates circular polarization (CP) using the same antenna structure. When the phase difference between the two arms with orthogonal linear polarization is 90 • , the radiated fields are circularly polarized and the axial ratio falls to 0 dB [19] . To achieve the phase quadrature, two methods can be used -tuning the length of the plugs or adjusting their coupling to the feeding plate. The prior approach has been illustrated in [19] . Since the proposed design provides a unique ability to control the coupling of individual plug to the feeding plate, we demonstrate CP using two orthogonally polarized EGaIn plugs of identical length (19.7 mm) in each of the channels as shown in Figure 8 . As a result, the antenna achieves a 2:1 VSWR at 3.75 GHz, with a realized gain of 6 dBi and an axial ratio of 1.4 dB at broadside. However, it can be observed from Figure 8f that the range of frequencies over which AR < 3 dB is narrow. This state is difficult to achieve using manually generated plugs because the required precision over the plug length is quite high; thus, we present only simulated data here. 
V. SPEED AND REPEATABILITY TESTING A. ACTUATION SPEED
The time needed to change states is an important metric for any reconfiguration technique. For a semiconductor/MEMS switch-based reconfiguration mechanism, this corresponds to the ON/OFF switching time of the semiconductor/MEMS switch. Reconfiguration speed achieved using these techniques is very fast [1] , with diodes and varactors switching times in the order of <100 ns, and MEMS switches achieving < 250 µs transition time. Optical switches are capable of switching faster than 10 µs. However, these switches only modify the material behavior in a localized region of the antenna, in contrast to physically removing materials from the aperture in case of metallic fluids.
Tunable antennas realized using liquid metal displacement such as electrochemically controlled capilarity (ECC) [7] rely on the ability to infuse and withdraw EGaIn using electrochemical changes in surface tension. These approaches have a highly asymmetric actuation profile wherein withdrawal rates are much faster than infusion rates (e.g. 0.6 mm/s [7] ), ) the physical alignment of the plug, c) the total measured gain (dBi) for the 45 • polarized antenna along with its linear x and y components, d) the simulated reflection coefficient for the circularly polarized antenna with two plugs of 19.7 mm length positioned orthogonally as shown in d), e) the layout for exciting circular polarization using two plugs, and f) the simulated axial ratio value for the antenna demonstrating the narrow range of frequencies over which it is circularly polarized, and g) The simulated total gain (dBi) plot of the circularly polarized antenna at 3.75 GHz.
which ultimately limit the speed of these devices. A number of faster LM-based switching approaches have been proposed including continuous electrowetting-based (CEW) [16] , electrowetting on dielectrics (EWOD) [38] , and Laplace pressure shaping (LPS) [39] . However, these suffer from a variety of other implementation challenges such as the presence of electrolytes (CEW), high actuation voltage (EWOD), binary switching states (EWOD, LPS), and hermetic sealing to avoid oxidation (LPS).
The reconfiguration speed for our implementation depends on the mobility of EGaIn plugs inside the channels, regulated completely by external syringe pumps. As a result, the plugs can have high mobility and symmetric infusion and withdrawal rates. Since the flow can be controlled by pushing fluids with high dielectric strength and low RF conductivity, the performance of RF devices is significantly improved. In previous pump-based implementations, actuation speeds have been low at 0.16 mm/s [11] , though these rates are often not reported in the electronics literature. However, analytical calculations have demonstrated that it can be as high as 1.2 m/s for microfluidic channels [40] .
To characterize the plug velocities for our setup, we used two pumps -an infusing pump and a withdrawing pump at either end of the channel shown in Figure 1 . These pumps move the pushing fluid inside the channel at the same rate, causing the plug to move back and forth. Using syringes of different volumes allowed varied pumping rates as shown in Table 3 . The speed of the plug inside a 2 mm 3D printed channel was monitored using a camera. The peak plug velocity was observed to be roughly 50 mm/sec when using a 30 ml syringe with pumping rate of 10 ml/min. At the peak speed, the plug maintained its shape and no residues were observed on the channel walls. The maximum pumping rate was limited by the equipment for our setup and higher plug velocities may be achievable by using different pumps, higher capacity syringes or flowing plugs inside narrower channels. With a plug velocity of 50 mm/s, a plug operating at 6 GHz (12 mm) would take roughly 250 ms to switch between the two linear polarizations. However, since some time is spent in accelerating the plug to the peak velocity, the resultant switching time will be higher. Nevertheless, a switching time in the order of a few hundreds of milliseconds appears feasible with this approach. Compact pumps can also be used, but trade-offs related to switching speed, weight and volume need to be assessed as per specific antenna integration requirements.
B. REPEATED ACTUATION: RESIDUES, DEBRIS AND PLUG SPLITTING
While liquid metal actuation allows reconfigurability, the device must also be able to repeat the actuation many times without needing to clean the channels. Most studies to date require frequent flushing with electrolytes to clean the channels or neglect the repeatability aspect entirely. However, one recent study cycled the actuation of an EGaIn droplet 100 times showing that the reported RF switch remained operational despite small residues [32] . For our study, the repeatability of the plug actuation was tested by cycling it reversibly inside the 3D printed channels hundreds of times. Intermittently, the reflection coefficient of the antenna and its pattern were measured to detect any deviations in its response. Due to the presence of the slip layer formed by the viscous pushing fluid, EGaIn did not adhere to the channel walls and hence, residues were not observed. However, the presence of pushing fluids lead to the formation of debris composed of EGaIn skin flakes and EGaIn micro-droplets suspended inside the pushing fluid. When the EGaIn plug was cycled as few as six times with DMS-T41 surrounding it, a significant amount of debris were observed dispersed inside the pushing fluid. The debris was reduced when using oleic acid, where similar amount of debris appeared after 20 repetitions. However, debris accumulate using either fluid as the number of cycles are increased.
Despite the presence of debris, the reflection coefficient measurements taken after 100, 300 cycles and the radiation pattern plots after 300 cycles (Figure 9 show that the debris have negligible impact on antenna performance. Furthermore, Table 4 ) shows that the matched bandwidth is stable over hundreds of cycles.
During the first cycling experiment, the plug was moved back-and-forth 700 times before it split into two distinct plugs of smaller lengths causing the antenna to operate at 4.5 GHz as shown in Figure 9a and 10c. The debris generated was removed from the channels and collected inside the petri dish (Figure 10b ). In the second experiment, the plug was cycled 1100 times before ending due to a pump failure. At the end of the experiment, the plug was intact and the antenna maintained its operating frequency. This demonstrates that, despite the formation of debris, the oleic acid and EVA solution can cycle the EGaIn for a large number of cycles, before the channels must be flushed. The lack of residues on the walls facilitates a thorough cleaning of the channels as shown in Figure 10d . When the same test was performed on 3D printed channels with oxide-phobic coatings [41] , the debris were still observed after a number of cycles, illustrating that such coatings are effective in reducing residues but not the debris.
C. ANTENNA ORIENTATION
The actuation of the EGaIn plug of the antenna was tested in both vertical and horizontal orientation. Due to the high viscosity of the pushing fluid and low channel diameter, the actuation of the device was well-controlled in both the orientations. In addition, when the plug was placed in a sealed channel vertically, with the pushing fluid at the bottom and the top, the plug remained intact and stationary against gravity for ∼36 hours of observation time.
VI. CONCLUSION
Through controlled flow of liquid metal plugs, we have demonstrated the a multifunctional planar antenna with widely varying frequency and radiation characteristics. By moving a plug of controlled length into the near field of the capacitive coupling element, the operating frequency of the antenna can be tuned over a very wide 10:1 frequency range while maintaining a 2:1 VSWR. At the same time, flowing plugs into orthogonal sections of the geometry, polarization diversity can be achieved. Moreover, we proposed a novel pushing solution of oleic acid and EVA that both reduce channel resides and oxide debris. Finally, the device was cycled over 700 times with stable performance. This study raises prospects for designing practical and efficient multifunctional antennas with an extremely versatile range of states. 3D printing advances continue to enable more intricate microfludic channels, allowing us to build more complex and faster switching designs in the future.
